Background {#Sec1}
==========

The prevalence of nonalcoholic fatty liver disease (NAFLD) has been increasing worldwide. NAFLD is associated not only with liver-related morbidity and mortality, but also with an increased risk of cardiovascular disease \[[@CR1]\]. NAFLD can be classified broadly into 2 subtypes: non-alcoholic fatty liver (NAFL), which is benign with negligible risk of progression to advanced fibrosis and liver-related mortality, and non-alcoholic steatohepatitis (NASH), which has substantial risk of progression to advanced fibrosis and liver-related mortality. NAFLD is closely related to metabolic disorders including obesity, glucose intolerance, hyperinsulinemia, and dyslipidemia. Many cohort studies showed that NAFLD was independently associated with the incidence of diabetes, which causes microangiopathy and is an important risk factor of cardiovascular disease \[[@CR1]\]. In addition, previous studies showed that diabetes was an independent predictor of progression to fibrosis in NASH patients \[[@CR2], [@CR3]\] and that glycemic control may prevent histological progression of NAFLD \[[@CR4]\].

While the association of the prevalence of NAFLD with impaired glucose metabolism has been reported, the association between the severity of NAFLD and glucose tolerance remains to be clarified. While impaired insulin secretion and insulin resistance are the main pathophysiological mechanisms of type 2 diabetes \[[@CR5], [@CR6]\], little is known of the relative contribution of these factors to glucose intolerance in patients with NAFLD. In the present study, these issues were investigated using oral glucose tolerance test (OGTT) in Japanese patients with NAFLD.

Methods {#Sec2}
=======

Patients {#Sec3}
--------

We analyzed pooled data of 134 Japanese patients in whom 75-g OGTT was performed, and a liver biopsy was carried out to determine histological severity of NAFLD between 2006 and 2015 in a usual clinical situation at Kochi University Hospital, Japan. Informed consent was obtained from each patient. In all patients, the current and past daily alcohol intake was less than 20 g per day; details regarding alcohol consumption were obtained independently by at least two physicians and were confirmed by close family members. None of patients took medications that could cause NAFLD including methotrexate, tamoxifen and corticosteroids. Patients with the following disorders were excluded: secondary causes of steatohepatitis, drug-induced liver disease, alcoholic liver disease, viral hepatitis, autoimmune hepatitis, primary biliary cirrhosis, α1-antitrypsin deficiency, hemochromatosis, Wilson's disease, and biliary obstruction. Among the patients, 127 patients did not take any antidiabetic medication including oral hypoglycemic agents, insulin and GLP-1 receptor agonist and 7 patients took oral hypoglycemic agents (nateglinide, n = 2; voglibose, n = 2; pioglitazone, n = 2; metformin, n = 1). We included patients treated with nateglinide and voglibose, but excluded those treated with pioglitazone and metformin in analysis, considering the possible remaining efficacy of the agents during OGTT. Finally, data of 131 patients were analyzed. The study protocol was approved by the Ethical Review Board of Kochi Medical School.

Laboratory examination {#Sec4}
----------------------

75-g OGTT was performed in the morning after overnight fast in patients less than a week before liver biopsy. In patients taking nateglinide and voglibose, medication was stopped for OGTT. Samples were drawn just before and at 30, 60, 90 and 120 min after ingestion of glucose. Plasma glucose was measured by the glucose oxidase method. Plasma immunoreactive insulin (IRI) was measured using sandwich ELISA (Access^®^ Ultrasensitive Insulin, Beckman Coulter, Brea, CA). HbA1c was measured by HPLC. Using the 2006 World Health Organization (WHO) criteria \[[@CR7]\], subjects were categorized as having normal glucose tolerance (NGT) \[fasting plasma glucose (FPG) \< 6.1 mmol/L and 2-h plasma glucose (2-h PG) \< 7.8 mmol/L\], impaired glucose metabolism (IGM) \[either impaired fasting glucose (IFG): FPG ≥ 6.1 and \<7.0 mmol/L and/or impaired glucose tolerance (IGT): 2-h PG ≥ 7.8 and \<11.1 mmol/L) or diabetes (DM) (FPG ≥ 7.0 mmol/L and/or 2-h PG ≥ 11.1 mmol/L). To convert insulin units to SI units, conversion factor (1 U = 6.00 nmol) was used instead of previous factor (1 U = 7.174 nmol), which is determined according to potency of a new standard of human insulin established by the World Health Organization in 1987 \[[@CR8]\] and adopted by the American Diabetes Association \[[@CR9]\].

Indices of insulin secretion and insulin sensitivity/resistance {#Sec5}
---------------------------------------------------------------

In 75-g OGTT, plasma glucose (G) and IRI levels (I) at fasting (G~0~, I~0~), 30 (G~30~, I~30~), 60 (G~60~, I~60~), 90 (G~90~, I~90~) and 120 min (G~120~, I~120~) after glucose loading were determined, respectively. G~m~ and I~m~ were calculated by dividing Area Under Curve of G and I during OGTT by 120 min, respectively. As insulin secretion indices, insulinogenic index (IGI) and HOMA-β were calculated using the following formula \[[@CR10], [@CR11]\]: IGI: \[I~30~ − I~0~ (pmol/L)\]/\[G~30~ − G~0~ (mmol/L)\]; HOMA-β: I~0~ (μU/mL) × 20/\[G~0~ (mmol/L) − 3.5\]. As an insulin resistance index, HOMA-R was calculated using the following formula^9^: I~0~ (μU/mL) × G~0~ (mmol/L)/22.5. As insulin sensitivity indices, QUICKI and Matsuda index were calculated using the following formula \[[@CR12], [@CR13]\]: QUICKI: 1/\[log~10~ G~0~ (mg/dL) + log~10~ I~0~ (μU/mL)\]; Matsuda index: 10,000/\[G~0~ (mg/dL) × I~0~ (μU/mL) × G~m~ (mg/dL) × I~m~ (μU/mL)\]^0.5^. Oral disposition index (DI~O~) was calculated using the following formula \[[@CR14]\]: IGI/I~0~ (pmol/L).

Pathology {#Sec6}
---------

Patients enrolled in this study underwent percutaneous liver biopsy under ultrasonic guidance after obtaining informed consent. Formalin-fixed, paraffin-embedded liver sections were stained routinely with hematoxylin--eosin, silver reticulin, and Masson trichrome. All of the specimens were examined by an experienced pathologist who was unaware of the clinical and biochemical data of the patients. Histological diagnosis for NAFLD was performed according to the methods of Matteoni et al. \[[@CR15]\]. Histological findings were classified to non-alcoholic fatty liver (NAFL) without (type 1, M1) or with (type 2, M2) inflammation and to non-alcoholic steatohepatitis (NASH) without (type 3, M3) or with (type 4, M4) fibrosis.

Statistical analysis {#Sec7}
--------------------

Statistical analysis was performed with the StatView 5.0 system (SAS institute Inc., Cary, NC). Normally distributed continuous data are presented as mean ± SE and non-normally distributed continuous data are presented as median value, 25th percentile value and 75th percentile value. Difference among more than three groups was determined by analysis of variance (ANOVA) for normally distributed continuous data, by Kruskal--Wallis tests for non-normally distributed continuous data, and Scheffe's test was performed as post hoc analysis. Difference of dichotomous and categorical data among groups was determined by χ^2^ tests. For cut-off values to divide into low or normal IGI group and normal or high HOMA-R groups, normal values originally defined by the Japan Diabetes Society and confirmed as optimal cut-off points to predict incidence of diabetes in Japanese population \[IGI: 43.2 pmol/mmol (40 μU/mg); HOMA-R: 1.6\] \[[@CR16]\] were used. The relationship between the parametric data and between the nonparametric data was determined by Pearson analysis and by Spearman analysis, respectively. Stepwise multiple regression analysis was performed in which normally-distributed log~e~-transformed IGI, log~e~-transformed DIo, and log~e~-transformed Matsuda index were used. *P* values \<0.05 were considered statistically significant.

Results {#Sec8}
=======

Clinical, biochemical and pathological profiles of groups according to glucose tolerance {#Sec9}
----------------------------------------------------------------------------------------

Age, sex, HbA1c, glucose levels during OGTT, and indices of insulin secretion (IGI, HOMA-β) were significantly different among NGT, IGM, and DM groups (Table [1](#Tab1){ref-type="table"}). BMI and IRI levels during OGTT were not significantly different among 3 groups. Indices of insulin sensitivity/resistance including HOMA-R and Matsuda index were not different among 3 groups. QUICKI was marginally different among 3 groups, but post hoc analysis revealed no significant difference. DIo, a measure of β-cell function adjusted for insulin sensitivity, which is a good predictor of diabetes \[[@CR14]\], differed among 3 groups. The prevalence of NASH was significantly higher in IGM and DM groups compared to that in NGT group.Table 1Clinical, biochemical, and pathological profiles of NGT, IGM and DM groupsNGTIGMDM*P* valuen475133Age38.9 ± 2.548.0 ± 2.1\*54.7 ± 2.4\*\<0.0001Sex (M/F)33/1428/2312/21\*0.0110BMI (kg/m^2^)29.7 ± 0.928.7 ± 0.728.4 ± 0.80.5028HbA1c (%)5.08 ± 0.085.24 ± 0.066.46 ± 0.18\*,\*\*\<0.0001G~0~ (mmol/L)5.13 ± 0.095.54 ± 0.087.02 ± 0.33\*,\*\*\<0.0001G~120~ (mmol/L)6.90 ± 0.249.08 ± 0.21\*14.86 ± 0.66\*,\*\*\<0.0001G~m~ (mmol/L)7.95 ± 0.229.62 ± 0.17\*13.35 ± 0.48\*,\*\*\<0.0001I~0~ (pmol/L)77.9 ± 7.974.3 ± 6.786.9 ± 11.90.6009I~120~ (pmol/L)541.8 ± 58.7702.1 ± 68.3681.8 ± 90.80.2035I~m~ (pmol/L)534.1 ± 46.1547.1 ± 53.7411.2 ± 44.50.1520IGI (pmol/mmol)124.4 (71.5, 191.6)75.2\* (39.9, 116.6)29.7\*,\*\* (15.8, 54.8)\<0.0001HOMA-β144 (84, 206)92 (62, 180)72\* (53, 115)0.0006HOMA-R2.43 (1.51, 3.70)2.41 (1.55, 4.21)3.66 (2.05, 5.52)0.0508QUICKI0.339 ± 0.0050.336 ± 0.0050.320 ± 0.0060.0427Matsuda index2.89 (2.08, 5.20)2.74 (1.61, 4.49)2.31 (1.46, 3.44)0.1561DI~O~ (mmol/L^−1^)1.72 (1.33, 3.70)1.15\* (0.75, 1.79)0.42\*,\*\* (0.23, 0.74)\<0.0001 M1 n(%)9 (19.1)7 (13.7)1 (3.0)0.0093\*\*\* M2 n(%)19 (40.4)9 (17.7)10 (30.3) M3 n(%)6 (12.8)10 (19.6)6 (18.2) M4 n(%)13 (27.7)25 (49.0)16 (48.5)G~0~, G~120~ and G~m~ are plasma glucose (PG) levels at 0 (fasting) and 120 min after glucose loading and mean PG level in 75 g OGTT, respectively. I~0~, I~120~ and I~m~ are serum IRI levels at 0 (fasting) and 120 min after glucose loading and mean IRI level in 75 g OGTT, respectively. G~m~ and I~m~ are calculated by dividing Area Under Curve of PG and IRI during OGTT by 120 min, respectively. IGI: insulinogenic indexM1, M2, M3, and M4: type 1, 2, 3, and 4 in histological classification of NAFLD by Mateonni, respectively\* *P* \< 0.05 vs. NGT\*\* *P* \< 0.05 vs. IGM\*\*\* NAFL (M1 + M2) vs. NASH (M3 + M4) among NGT, IGM, and DM groups; *P* \< 0.05, NGT vs. IGM; *P* \< 0.05, NGT vs. DM

Glucose tolerance and pathological finding in groups according to indices of insulin secretion and resistance {#Sec10}
-------------------------------------------------------------------------------------------------------------

Subjects were divided to 2 groups according to the cut-off value of IGI (low-IGI vs. normal-IGI) or HOMA-R (normal-R vs. high-R). Prevalence of NGT and DM was lower and higher in low-IGI compared to that in normal-IGI, respectively (Table [2](#Tab2){ref-type="table"}). Glucose intolerance was as high as 89.7% in low-IGI, but it was 53.3% in normal-IGI. Prevalence of DM was higher in high-R compared to that in normal-R, but prevalence of NGT did not differ. Prevalence of NASH was not different between low-IGI and high-IGI, but was higher in high-R group compared to that in low-R group.Table 2Glucose tolerance and histological classification in groups according to IGI and HOMA-Rn (%)Low-IGI 39 (100.0)Normal-IGI 92 (100.0)PNormal-R 35 (100.0)High-R 96 (100.0)PGlucose tolerance NGTn (%)4 (10.3)43 (46.7)\<0.0001\*\
\<0.0001\*\*16 (45.7)31 (33.3)0.1564\*\
0.0284\*\* IGMn (%)14 (35.9)37 (40.2)15 (42.9)36 (37.5) DMn (%)21 (53.8)12 (13.1)4 (11.4)29 (30.2)Histological classification M1n (%)5 (12.8)12 (13.0)0.5947\*\*\*9 (25.7)8 (8.3)0.0338\*\*\* M2n (%)10 (25.6)28 (30.5)11 (31.4)27 (28.1) M3n (%)10 (25.6)12 (13.0)6 (17.2)16 (16.7) M4n (%)14 (36.0)40 (43.5)9 (25.7)45 (46.9)M1, M2, M3, and M4: type 1, 2, 3, and 4 in histological classification of NAFLD by Mateonni, respectively*IGI* insulinogenic index, *low-IGI* IGI ≤ 43.2 pmol/mmol (40 μU/mg), *normal-IGI* IGI \> 43.2 pmol/mmol (40 μU/mg), *normal-R* HOMR-R ≤ 1.6, *high-R* HOMA-R \> 1.6\* NGT vs. IGM + DM\*\* NGT + IGM vs. DM\*\*\* NAFL (M1 + M2) vs. NASH (M3 + M4)

Clinical, biochemical and pathological profiles of groups according to histological classification {#Sec11}
--------------------------------------------------------------------------------------------------

Age and HbA1c were different, but sex, BMI, and glucose and IRI levels during OGTT did not differ among 4 groups (Table [3](#Tab3){ref-type="table"}). Indices of insulin secretion including IGI and HOMA-β were not different, but indices of insulin sensitivity/resistance except Matsuda index differed among 4 groups. DIo was lower in M2, M3, and M4 compared to that in M1. Prevalence of NGT was lower in M4 compared to M1 and M2, but the prevalence of DM did not differ among 4 groups.Table 3Clinical profiles of groups according to histological classification of NAFLD by MateonniM1M2M3M4P valuen17382254Age39.4 ± 3.141.3 ± 2.851.9 ± 3.650.0 ± 2.10.0033Sex (M/F)12/522/1612/1027/270.5159BMI (kg/m^2^)28.5 ± 1.529.8 ± 0.826.8 ± 0.929.4 ± 0.70.1418HbA1c (%)4.99 ± 0.105.39 ± 0.135.99 ± 0.30\*5.55 ± 0.110.0070G~0~ (mmol/L)5.16 ± 0.115.69 ± 0.156.12 ± 0.365.87 ± 0.200.1305G~120~ (mmol/L)8.01 ± 0.539.35 ± 0.5910.80 ± 1.1010.17 ± 0.510.1068G~m~ (mmol/L)8.88 ± 0.309.58 ± 0.3810.68 ± 0.7510.27 ± 0.400.1348I~0~ (pmol/L)48.7 ± 9.481.3 ± 8.574.4 ± 10.488.3 ± 8.60.0797I~120~ (pmol/L)568.0 ± 134.9638.9 ± 77.9536.4 ± 72.7704.4 ± 65.60.4840I~m~ (pmol/L)516.3 ± 84.5493.9 ± 55.6395.6 ± 49.5561.6 ± 48.00.2663IGI (pmol/mmol)87.6 (32.9, 170.2)67.9 (39.0, 126.3)48.7 (35.8, 76.4)89.4 (43.0, 130.4)0.1965HOMA-β70 (51, 104)125 (62, 169)82 (54, 153)109 (76, 189)0.1645HOMA-R1.58 (1.10, 1.85)3.41 (1.53, 4.11)2.43 (1.31, 5.39)3.045 (1.87, 5.16)0.0049QUICKI0.363 ± 0.0100.330 ± 0.0050.333 ± 0.0080.326 ± 0.004\*0.0014Matsuda index3.20 (2.69, 6.26)2.88 (1.87, 4.97)2.79 (1.65, 5.65)2.65 (1.38, 3.44)0.0845DI~O~ (mmol/L^−1^)2.42 (1.14, 3.81)1.10\* (0.70, 1.59)1.03\* (0.39, 1.45)1.22\* (0.56, 2.08)0.0061OGTT NGT n(%)9 (52.9)19 (50.0)6 (27.2)13 (24.1)0.0241\*\*\
0.2610\*\*\* IGM n(%)7 (41.2)9 (23.7)10 (45.5)25 (46.3) DM n(%)1 (5.9)10 (26.3)6 (27.2)16 (29.6)G~0~, G~120~ and G~m~ are plasma glucose (PG) levels at 0 (fasting) and 120 min after glucose loading and mean PG level in 75 g OGTT, respectively. I~0~, I~120~ and I~m~ are serum IRI levels at 0 (fasting) and 120 min after glucose loading and mean IRI level in 75 g OGTT, respectively. G~m~ and I~m~ are calculated by dividing Area Under Curve of PG and IRI during OGTT by 120 min, respectively. IGI: insulinogenic index\* *P* \< 0.05 vs. M1\*\* NGT vs. IGM + DM among M1, M2, M3 and M4 groups; *P* \< 0.05, M1 vs. M4; *P* \< 0.05, M2 vs. M4\*\*\* NGT + IGM vs. DM among M1, M2, M3 and M4 groups

Analysis to identify predictive factors for glucose intolerance {#Sec12}
---------------------------------------------------------------

In simple correlation, log~e~-IGI and log~e~-DIo, and QUICKI and log~e~-Matsuda index were strongly correlated; BMI and age, BMI and QUICKI, log~e~-DIo and QUICKI, and BMI and log~e~-Matsuda index were moderately correlated (Table [4](#Tab4){ref-type="table"}). As indices for glucose intolerance, HbA1c and G~120~ were used. In simple correlation, HbA1c and log~e~-IGI, HbA1c and log~e~-DIo, G~120~ and log~e~-IGI, and G~120~ and log~e~-DIo were moderately correlated (Table [5](#Tab5){ref-type="table"}). In multiple regression models to predict HbA1c or G~120~, age, BMI and NAFL/NASH were not selected as significant contributors by stepwise examination, but indices of insulin secretion (log~e~-IGI or log~e~-DIo) and indices of insulin sensitivity (QUICKI or log~e~-Matsuda index) were significant determinants (Table [6](#Tab6){ref-type="table"}). Standard coefficients of log~e~-IGI were larger than that of QUICKI or log~e~-Matsuda index in models (model 1, 2, 3). In addition, DIo was a dominant determinant for G~120~ in model 4. Taking these findings together, impairment of insulin secretion is the most important factor to predict glucose intolerance in NAFLD.Table 4Simple correlation between possible determinants of HbA1c and G~120~AgeSexBMILog~e~-IGILog~e~-DI~O~QUICKILog~e~-MIFL/SHAge1.000Sex−0.3551.000BMI−0.4000.1101.000Log~e~-IGI−0.3910.2190.2621.000Log~e~-DI~O~−0.2930.087−0.0500.8211.000QUICKI0.052−0.157−0.454−0.1430.4441.000Log~e~-MI0.057−0.131−0.495−0.2690.2950.9091.000FL/SH0.244−0.104−0.074−0.033−0.167−0.124−0.1201.000*Sex* male = 1, female = 0; *FL/SH* NAFL = 0, NASH = 1; *log* ~*e*~ *-IGI* log~e~-transformed insulinogenic index; *log* ~*e*~ *-DIo* log~e~-transformed oral disposition index; *log* ~*e*~ *-MI* log~e~-transformed Matsuda index Table 5Coefficients in simple correlation between HbA1c or G~120~ and possible determinantsHbA1cG~120~Age0.2920.282Sex−0.161−0.160BMI−0.014−0.152Log~e~-IGI−0.588−0.603Log~e~-DIo−0.656−0.639QUICKI−0.319−0.276Log~e~-MI−0.200n.d.FL/SH0.2240.172*Sex* male = 1, female = 0; *FL/SH* NAFL = 0, NASH = 1; *log* ~*e*~ *-IGI* log~e~-transformed insulinogenic index; *log* ~*e*~ *-DIo* log~e~-transformed oral disposition index; *log* ~*e*~ *-MI* log~e~-transformed Matsuda index; *n.d.* not determined since G~120~ is used to calculate Matsuda index Table 6Multiple regressions for HbA1c and G~120~Dependent variableIndependent variablesCoef.Std. coef.F valueR^2^ (\|R\|)HbA1c\
(Model 1^a^)QUICKI\
Log~e~-IGI−8.416\
−0.476−0.365\
−0.63228.6\
85.80.477 (0.691)HbA1c\
(Model 2^b^)Log~e~-MI\
Log~e~-IGI−0.443\
−0.512−0.358\
−0.67925.6\
92.10.466 (0.683)G~120~\
(Model 3^c^)QUICKI\
Log~e~-IGI−3.302\
−0.202−0.323\
−0.59521.8\
73.80.403 (0.635)G~120~\
(Model 4^d^)Sex\
Log~e~-DIo−1.050\
−2.134−0.144\
−0.6264.5\
86.40.428 (0.655)*Sex* male = 1, female = 0; *NAFL/NASH* NAFL = 0, NASH = 1; *log* ~*e*~ *-IGI* log~e~-transformed insulinogenic index; *log* ~*e*~ *-MI* log~e~-transformed Matsuda index; *log* ~*e*~ *-DIo* log~e~-transformed oral disposition index^a^Age, sex, BMI and NAFL/NASH were not significant determinants in this model^b^Age, sex, BMI and NAFL/NASH were not significant determinants in this model^c^Age, sex, BMI and NAFL/NASH were not significant determinants in this model^d^Age, BMI, QUICKI and NAFL/NASH were not significant determinants in this model

Analysis to identify predictive factors for indices of insulin sensitivity and insulin secretion {#Sec13}
------------------------------------------------------------------------------------------------

In multiple regression models to predict QUICKI or log~e~-Matsuda index, NAFL/NASH was a significant determinant independent of BMI (Table [7](#Tab7){ref-type="table"}). However, NAFL/NASH was not a significant contributor to predict log~e~-IGI and log~e~-DIo, which significantly correlate with age.Table 7Multiple regressions for indices of insulin sensitivity and insulin secretionDependent variableIndependent variablesCoef.Std. coef.F valueR^2^ (\|R\|)QUICKI\
(Model 1^a^)BMI\
NAFL/NASH−0.003\
−0.476−0.469\
−0.20437.2\
7.00.248 (0.498)Log~e~-MI\
(Model 2^b^)BMI\
NAFL/NASH−0.063\
−0.245−0.508\
−0.18645.6\
6.10.279 (0.528)Log~e~-IGI\
(Model 3^c^)Age−0.025−0.39123.10.147 (0.391)Log~e~-DIo\
(Model 4^d^)Age\
BMI−0.024\
−0.040−0.373\
−0.19916.8\
4.80.119 (0.345)*Log* ~*e*~ *-IGI* log~e~-transformed insulinogenic index; *log* ~*e*~ *-MI* log~e~-transformed Matsuda index; *log* ~*e*~ *-DIo* log~e~-transformed oral disposition index; *sex* male = 1, female = 0; *NAFL/NASH* NAFL = 0, NASH = 1^a^Age and sex were not significant determinants in this model^b^Age and sex were not significant determinants in this model^c^Sex, BMI and NAFL/NASH were not significant determinants in this model^d^Sex and NAFL/NASH were not significant determinants in this model

Discussion {#Sec14}
==========

In NGT group in the present study, average BMI was around 30 kg/m^2^, median IGI was around 150 pmol/mmol, and median HOMA-R was around 2.5, which were higher than the values in the general Japanese NGT population (average BMI: around 22 kg/m^2^; median IGI: around 95 pmol/mmol; median HOMA-R: around 0.9) \[[@CR16]\], indicating that the NAFLD patients in the present study are obese, hyperinsulinemic, and insulin-resistant compared to the normal Japanese population. Indeed, in 131 patients in the present study, 101 (77%) patients had BMI ≥25 kg/m^2^ and were defined as obese by Japanese criteria \[[@CR17]\], much higher than the prevalence in the general Japanese population (around 25%) \[[@CR18]\]. These results are compatible with the strong association between NAFLD and obesity \[[@CR19]--[@CR21]\].

We show that impairment of insulin secretion is the most important factor to predict glucose intolerance in NAFLD. Glucose intolerance as high as 89.7% is found in patients with impaired insulin secretion defined by \<43.2 pmol/mmol (40 μU/mg) IGI. In simple correlation, indices of hyperglycemia moderately correlate with index of insulin secretion, but weakly correlate with indices of insulin sensitivity. In multiple regressions to predict hypeglycemia, standard coefficients of the index of insulin secretion were larger than those of insulin sensitivity. These results suggest an important role of insulin secretion to compensate against reduced insulin sensitivity to maintain glucose homeostasis in patients with NAFLD. These results are compatible with the longitudinal observation based on data from obese Pima Indians regarding transition from NGT to diabetes by Weyer C et al. \[[@CR22]\]. They proposed that progressors and non-progressors to diabetes differ essentially in that progressors cannot compensate by increased insulin secretion for the increased demand due to increased insulin resistance; non-progressors are those who can maintain normoglycemia by increased insulin secretion. Insulin secretion continues to decrease during deterioration of glucose tolerance in progressors; insulin secretion continues to increase in non-progressors who keep NGT despite increased insulin resistance. Affection of NAFLD on the relationship between insulin secretion and insulin sensitivity remain to be fully elucidated. There is only one report on this issue, in which comparison between obese children with NAFLD diagnosed by ultrasonography and matched children without NAFLD revealed no affection of NAFLD on the relationship between insulin secretion and insulin sensitivity \[[@CR23]\]. These results are compatible with the result in the present study that histological severity of NAFLD was not a significant contributor to predict DIo, an index of insulin secretion adjusted for insulin sensitivity.

Several reports indicate that indices of insulin secretion are lower in patients with NASH compared to those in BMI-matched control \[[@CR24]--[@CR26]\]. However, there are few reports regarding affection of histological severity of NAFLD on insulin secretion, although hypoadiponectinemia caused by histological severity of NASH may predict impairment of insulin secretion in nondiabetic nonobese patients with NASH \[[@CR27]\]. C-peptide-genic index, a similar index to IGI, is not significantly reduced in patients with NASH compared to that in patients with NAFL \[[@CR25]\], which is compatible with the results that IGI did not differ among groups according to histological classification (Table [3](#Tab3){ref-type="table"}) and that IGI was not correlated with histological severity of NAFLD (Tables [4](#Tab4){ref-type="table"}, [7](#Tab7){ref-type="table"}). On the other hand, DIo significantly differed among groups according to histological classification (Table [3](#Tab3){ref-type="table"}), which is compatible with the result in previous study that the β-cell index, another index of insulin secretion adjusted for insulin sensitivity, was significantly lower with histological severity \[[@CR26]\]. We speculate that these results are derived from confounding effects, since histological severity was not a significant factor to predict DIo in multivariate analysis (Table [7](#Tab7){ref-type="table"}).

In patients with NAFLD, insulin sensitivity is reduced compared to that in control subjects \[[@CR19], [@CR28]--[@CR30]\]. One of the reasons for reduced insulin sensitivity in NAFLD is adiposity; patients with NAFLD have higher BMI than that of control subjects \[[@CR28], [@CR31]\]. However, insulin sensitivity in patients with NAFLD is still reduced compared to obese subjects without NAFLD matched for BMI \[[@CR29], [@CR30], [@CR32]\]. This suggests that factors other than adiposity may contribute to insulin resistance in NAFLD, which is compatible with our present finding that the severity of histological findings affects insulin sensitivity in NAFLD independently of BMI in multiple regression analysis. In previous reports, histological severity in NAFLD was significantly correlated with insulin sensitivity/resistance indices, but these results were not necessarily adjusted with BMI \[[@CR33]--[@CR35]\]. Our present results also accord with a recent report that severity of histological findings correlates with insulin sensitivity after adjustment for BMI \[[@CR36]\]. The mechanism of correlation between severity of histological findings and insulin sensitivity independent of whole body adiposity remains to be elucidated. One possibility is that accumulation of some kinds of lipids other than triglyceride in liver may cause hepatic insulin resistance \[[@CR37], [@CR38]\]. Another possibility is that histological severity may involve mitochondrial abnormality, whole body oxidation, and secretion of hepatokines that affect insulin sensitivity of liver and whole body \[[@CR36], [@CR39]\].

In the meta-analysis comparing NGT individuals of African, Caucasian, and East Asian ethnicity, those of African ethnicity had the lowest insulin sensitivity and the highest insulin secretion, and those of East Asian ethnicity had the highest insulin sensitivity and the lowest insulin secretion, among the 3 subpopulations \[[@CR40]\]. Interestingly, a hyperbolic relationship between insulin sensitivity and insulin secretion in African, Caucasian, and East Asian ethnicity was confirmed in the NGT, and the product of insulin sensitivity and insulin resistance (disposition index) decreased as glucose intolerance progressed to IGM and to DM in all 3 subpopulations \[[@CR40]\]. These results suggest that ethnicity affects insulin sensitivity and insulin secretion to a greater extent, but affects the disposition index to a lesser extent. Although insulin sensitivity in American patients with NASH was more reduced compared to the present study \[[@CR26]\], little is known about the effect of ethnicity on insulin sensitivity, insulin secretion, and on the disposition index in individuals with NAFLD. A further meta-analytical study is necessary to answer these questions.

A follow-up liver biopsy revealed that diabetes is an important risk factor for fibrosis progression in NAFLD \[[@CR41], [@CR42]\]. In addition, a decrease in HbA1c is strongly associated with improvement of fibrosis in NAFLD \[[@CR4]\]. These results suggest that predicting progression of glucose intolerance in NAFLD is important to prevent a histological progression of NAFLD. The results of the present study may contribute to discriminating high-risk group of diabetes from low-risk group, and may be useful for early diabetes detection and intervention for individuals with NAFLD.

Limitations {#Sec15}
-----------

The present study has several limitations. First, insulin sensitivity was not measured by hyperinsulinemic euglycemic clamp, the gold standard method. Second, since this study is cross-sectional, a causal association cannot be evaluated. Longitudinal study to find factors to predict progression of glucose intolerance is necessary. Third, this study may be affected by selection bias and may not represent the whole population, since data were collected in a single institute in Japan. Further multicenter collaborative research is needed.

Conclusion {#Sec16}
==========

This study establishes that impairment of insulin secretion is the most important factor to predict glucose intolerance in Japanese patients with NAFLD. In addition, the severity of histological findings affects insulin sensitivity independent of adiposity in NAFLD.
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